Pauson-Khand reactions of functionalized allenes with different alkynes give cyclopentenones with generally high regio-and stereoselectivities. The allenes react through their external double bonds, giving cyclopentenones with exocyclic double bond at their β positions and predominantly with E stereochemistry. Some intramolecular reactions with al-
Introduction
The scope of the intermolecular Pauson-Khand [1] reaction is still quite limited, as simple alkenes react poorly. The reaction gives good results only with strained olefins such as norbornene, some exocyclic alkenes, and certain allenes. [2] In addition, some vinyl ethers/esters [3] and vinyl sulfoxides [4] are also useful in the intermolecular PKR. Cyclopentenones are structural features present in a large variety of natural products, so an increase in the number of efficient methodologies for intramolecular PKRs would be highly desirable. One strategy that circumvents the scope problem consists of performing an intramolecular PKR with an enyne bearing a traceless tether [5] or directing groups such as pyridylsilyl moieties. [6] These methodologies avoid the formation of regioisomeric mixtures. The intermolecular PKR is regioselective with regard to the alkyne component, the bulkier substituent being situated adjacent to the carbonyl in the final product. It has been demonstrated that both steric and electronic effects may be responsible for this regioselectivity. [7] Unsymmetrical olefins usually give mixtures of regioisomers (Scheme 1).
Allenes are important substrates in various metal-mediated or catalyzed cyclizations. [8] With regard to the PKR, there have been extensive studies in the intramolecular version. [9] On the other hand, intermolecular PKRs have received less attention. The main contributions have come from Cazes' group, who have carried out studies with allenic hydrocarbons. [10] [a] Departamento de Química, Facultad In a preliminary communication of this work, we observed high regio-and stereoselectivities in the reactions between allenamides and alkynes. [11] There we used NMO for promotion and reached yields varying from moderate to good (45-85 %). Here we present our complete work on allenes substituted with different heteroatoms and different types of alkynes. We have developed new reaction conditions that have improved on the preliminary results and we include some novel examples of intramolecular reactions with allenynes connected through aromatic rings.
Results and Discussion
The synthesis of starting allenes was effected by classical strategies (Table 1) . Starting from functionalized amides, phenols or thiophenols 1, propargylation under basic or Mitsunobu conditions gave the corresponding propargyl derivatives 2 in good yields. These compounds were converted into the corresponding allenes 3 by treatment with tBuOK or NaH. In the synthesis of 3h some amounts of allene were formed in the propargylation reaction but we were unable to achieve good direct conversions from 1 into 3h that would improve the two-step process. [12] Some of these allenes contained o-ethynyl or vinyl groups to allow competence experiments to be performed or to serve as substrates for intramolecular PKRs. The syntheses of (propa-1,2-diene-1-sulfinyl)benzene (3k) [13] and (propa-1,2-diene-1-sulfonyl)benzene (3l) [14] were carried out according to litera-ture procedures. The syntheses of allenamines were unsuccessful, as we observed extensive decomposition of the products in the reactions with the base. [a] Yields of pure product 3 from 1.
The PKR between compound 3a and p-tolylacetylene was carried out under several sets of conditions, some of them summarized in Table 2 . Heat promotion and use of molecular sieves as described by us previously were unsuccessful, due to decomposition of the allenamide (Entries 1 and 2). [15] Under these conditions, the main reaction product was acetanilide 4. We thus used trimethylamine N-oxide (TMANO) and N-methylmorpholine N-oxide (NMO) as promoters, testing several solvents. With the latter promoter in CH 3 CN (Entry 4) we obtained a 45 % yield of the cyclopentenone 5a and a 7 % yield of 4. Molecular sieves are known for acting as catalysts in the formation of enamines, and it is thus possible that they accelerate the decomposition of our starting materials. [15] To avoid this we washed the zeolites with Et 3 N and dried them prior to the PKR. Under these conditions we achieved an 80 % yield of 5a. The only cyclopentenone isolated was assigned as 5a in view of its NMR spectroscopic data and n.O.e. experiments. [16] Additionally we tried to develop catalytic conditions. Few efficient catalytic intermolecular PKRs have been described to date. In this case we carried out two reactions in the presence of 10 % of cobalt under CO (1 atm) at 70°C (Entries 6, 7). Both reactions gave poor yields of 5a, reaching 25 % when molecular sieves were used (Entry 7).
As in most of the examples described previously by Cazes, [10] we only detected the products with the exocyclic double bonds in the β positions. Other products, which we assumed to be the Z isomers, could be detected in the crude mixtures but not isolated. The conditions of Entry 4 ( Table 1 , procedure A) were used with the whole set of functionalized allenes prepared, and the results are shown in Table 3 . With substrates 3i, 3k, and 3l the cobalt hexacarbonyl-alkyne complex was preformed and purified in DCM prior to the PKR (procedure B). This procedure was necessary to avoid decomposition of the allene in the presence of cobalt species. The conditions of Entry 5 (procedure C) were developed later, and were used with a selected group of reactions.
In general the reactions were very selective. The allenes reacted through their external double bonds independently of the natures of the substituents, and gave the E isomers as the major products. With allenamides 3a-3g, results were similar regardless of the natures of the protecting groups used. In the case of the reaction of trimethyl-pent-1-ynylsilane (Entry 9), a small amount of another isomer was isolated. This compound, 13c, was the result of the reaction of the alkyne with the other regioselectivity, due to the similar bulkiness of the two constituents. Surprisingly, a small amount of 15c was also observed in the reaction of protected propargyl alcohol (Entry 11). On the other hand, small amounts of Z isomers could be isolated in the reactions of Entries 10, 12 and 13. The reaction of Entry 5 was planned in order to investigate the competition between the allenic PKR vs. the possible reaction with the styrenic double bond. The only reaction product observed in the presence of hex-3-yne was 9a, showing the preference for Table 3 . PKRs of functionalized allenes.
[a] Yields of pure products are given as obtained by Procedure A/Procedure C. the reaction with the allene. Allenes bearing sulfur and oxygen groups reacted with lower yields. Oxygen-containing allene 3i gave a ca. 1:1 E/Z mixture of cyclopentenones when reacting with hex-3-yne (Entry 13). However, in the reaction with phenylacetylene (Entry 14) it gave low yields of the products arising from the other regioselectivity with respect to the allene. In the case of the sulfoxide and the sulfone (Entries 15, 16 and 17) the allene reacted partially or only (Entry 16) with this latter regioselectivity.
Traditionally, electron-deficient olefins have been considered bad substrates for PK reactions, although Carretero showed good results in intramolecular PKRs with olefins substituted with EWGs including sulfoxides and sulfones. [17] Our results show that these groups do not prevent the allenic PKR. In addition, no insertion or cyclotrimerization products were detected. The reaction of Entry 17 was described by Cazes previously, [10c] but gave a similar distribution of products and better yields with our Procedure C.
We extended this methodology to some intramolecular examples (Scheme 2). The reaction between allene 3f and Co 2 (CO) 8 gave no intramolecular PK products under any conditions. This starting product reacted with hex-3-yne to give 22a in 15 % yield under Procedure A conditions and in 45 % yield under Procedure C conditions. Using molybdenum as the metal, under previously described conditions, [18] we detected the intramolecular PKR in the crude mixture www.eurjoc.orgof the reaction of 3f. We decided to switch the protecting group in the allene to tosyl and performed the intramolecular PKR with substrate 3g. Under these conditions we isolated product 23 in 43 % yield. On the other hand, the intramolecular PKR of allene 3j gave product 24 in 22 % yield with Co 2 (CO) 8 . When we applied reaction conditions with Mo(CO) 6 , a mixture of 24 (25 %) and 25 (38 %) was obtained. This result follows previous observations by BrumScheme 2. Intramolecular PKRs with allenynes.
mond, who was able to direct the PKR of allenes to either the external or the internal double bond by tuning the reaction conditions. [19] 
Conclusions
We have shown that allenes with different functionalities are good substrates for intermolecular Pauson-Khand reactions with symmetric and unsymmetrical alkynes. The reaction conditions have been tuned up and allow excellent yields to be achieved in stoichiometric reactions. Catalytic processes, however, did not give satisfactory results. Under both sets of experimental conditions a positive effect of molecular sieves was observed. The PKRs gave, in general, either single or major products arising from reactions through the external bonds of the allenes. These products present the exocyclic double bonds at the β-positions from the ketones with E stereochemistry. As a result of this work, new cyclopentenones with interesting functionalities have been obtained. In addition we have shown some examples of intramolecular PKRs with allenynes connected through aromatic rings that give polycyclic heterocycles.
Experimental Section
Procedure A for Pauson-Khand Intermolecular Reactions: A solution of the alkyne (1.50 mmol) in MeCN (9 mL) and Co 2 (CO) 8 (1.50 mmol) was stirred for 1 h, and 4-methylmorpholine N-oxide (6.00 mmol) was then added at 0°C. The allene (1.00 mmol) in MeCN (9 mL) was added dropwise, and the mixture was stirred at 0°C until completion of the reaction (TLC). The reaction was filtered through Celite and was washed with MeCN (20 mL). The solvent was removed under vacuum and the residue was purified by silica gel flash chromatography (hexane/AcOEt, mixtures).
Procedure B for Pauson-Khand Intermolecular Reactions:
A solution of the alkyne (1.50 mmol) in DCM (9 mL) and Co 2 (CO) 8 (1.50 mmol) was stirred for 45 min at room temp. When the complex had been formed (TLC), the solvent was eliminated under vacuum and the residue was purified by flash chromatography (hexane). The complex (1.00 mmol) in MeCN (9 mL) was added at -5°C to a solution of the allene (1.00 mmol) in MeCN (9 mL) and 4-methylmorpholine N-oxide (6.00 mmol), and the mixture was stirred at -5°C until completion of the reaction (TLC). The reaction mixture was filtered through Celite and was washed with MeCN (20 mL). The solvent was removed under vacuum, and the residue was purified by silica gel flash chromatography (hexane/ AcOEt, mixtures).
Procedure C for Pauson-Khand Intermolecular Reactions:
A solution of the alkyne (1.50 mmol) in MeCN (9 mL) and Co 2 (CO) 8 (1.50 mmol) was stirred for 1 h, and powdered molecular sieves (previously washed with Et 3 N and dried, 4 g) and 4-methylmorpholine N-oxide (6.00 mmol) were then added at 0°C. The allene (1.00 mmol) in MeCN (9 mL) was added dropwise, and the mixture was stirred at 0°C until completion of the reaction (TLC). The reaction mixture was filtered through Celite and was washed with MeCN (20 mL). The solvent was removed under vacuum and the residue was purified by silica gel flash chromatography (hexane/ AcOEt, mixtures). 8 : A solution of the allenyne (1.00 mmol) in MeCN (9 mL) and Co 2 (CO) 8 (1.50 mmol) was stirred for 1 h at room temp. 4-Methylmorpholine N-oxide (6.00 mmol) was then added at 0°C, and the mixture was stirred until completion of the reaction (TLC). The reaction was filtered through Celite and was washed with MeCN (20 mL). The solvent was removed under vacuum, and the residue was purified by silica gel flash chromatography (hexane/ AcOEt, mixtures).
General Procedure for the Intramolecular Pauson-Khand Reactions with Co 2 (CO)
General Procedure for the Intramolecular Pauson-Khand Reactions with Mo(CO) 6 : DMSO (0.86 mL, 10.00 mmol) and Mo(CO) 6 (317 mg, 1.20 mmol) were added to a solution of the allenyne (1.00 mmol) in toluene (10 mL). The resulting mixture was stirred for 1h at 80°C. The reaction mixture was filtered through Celite, and the solvent was removed under vacuum. The residue was purified by silica gel flash chromatography (hexane/AcOEt, mixtures).
General Procedure for Intramolecular Pauson-Khand Reactions with
Mo(MeCN) 3 (CO) 3 : Mo(MeCN) 3 (CO) 3 (0.34 mmol) was added at 0°C to a solution of the allenyne (0.30 mmol) in toluene (15 mL). The resulting mixture was stirred for 1h at room temp. The reaction mixture was filtered through Celite and the solvent was removed under vacuum. The residue was purified by silica gel flash chromatography (hexane/AcOEt, mixtures). N-[(E)-(2,3-Diethyl-4-oxocyclopent-2-en-1-ylidene) N-(4-fluorophenyl)-N-(propa-1,2-dienyl) N-(4-Methoxyphenyl)-4-methyl-N-{(E)-[3-(4-methylphenyl) N-(4-methoxyphenyl)-4-methyl-N-(propa-1,2 -dienyl)benzenesulfonamide (0.25 g, 0.79 mmol) as described in Procedure A for Pauson-Khand intermolecular reactions afforded a mixture of isomers 14a-14e (0.36 g, 78 %). After purification by flash chromatography (hexane/AcOEt, 9:1), 14a and 14b (0.33 g, 71 %) were obtained as a mixture of Z,E isomers (7:1), while 14d (14 mg, 3 %) and 14e (18 mg, 4 %) were obtained as yellow oils. After treatment as described in Procedure C, the reaction afforded 14a and 14b as a mixture of Z,E isomers (6:1, 0.37 g, 81 %) from allenamide 3d (0.25 g, 0.79 mmol). (27 mg, 14 %), as brown waxes after flash chromatography (hexane and hexane/AcOEt, 25 %). After treatment as described in Procedure C, the reaction afforded 21a (0.14 g, 35 %) and 21d (97 mg, 24 %) from sulfonylallene 3l (0.25 g, 1.39 mmol).
N-(4-Methoxyphenyl)-N-{(E)-[3-(4-methylphenyl)-4-oxocyclopent-2-

N-[(E)-(3-
Butylacetamide (0.25 g, 1.31 mmol) as described in Procedure A for Pauson-Khand intermolecular reactions afforded pure 8a (0.27 g, 61 %) as a yellow oil after flash chromatography (hexane/AcOEt, 4:1). 1 H NMR (300 MHz, CDCl 3 ): δ = 0.95 (t, J = 7.7 Hz, 3 H), 1.19 (t, J = 7.7 Hz, 3 H), 1.92 (s, 3 H), 1.96 (s, 2 H), 2.19 (q, J = 7.5 Hz, 2 H), 2.57 (q, J = 7.7 Hz, 2 H), 7.15-7.22 (m, 4 H), 7.60 (s, 1 H) ppm.
Ethyl [(E)-(2,3-Diethyl-4-oxocyclopent-2-en-1-ylidene)methyl](4-methoxyphenyl)carbamate (11a):
(E)-N-(4-Methoxyphenyl)-4-methyl-N-[4-oxo-2-propyl-3-(trimethylsilanyl)cyclopent-2-enylidenemethyl]benzenesulfonamide (13a) and (E)-N-(4-Methoxyphenyl)-4-methyl-N-[4-oxo-3-propyl-2-(trimethyl-
(E)-N-[2-(tert-Butyldimethylsilanyl)oxymethyl-4-oxo-3-(trimethylsilanyl)cyclopent-2-enylidenemethyl]-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (14a), (Z)-N-[3-(tert-Butyldimethylsilanyl)oxymethyl-4-oxo-2-(trimethylsilanyl)cyclopent-2-enylidenemethyl]-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (14b), (E)-N-[4-(tertButyldimethylsilanyl)oxymethyl-2-oxo-3-(trimethylsilanyl)cyclopent-3-enylidenemethyl]-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (14d), and (Z)-N-[4-(tert-Butyldimethylsilanyl)oxymethyl-2-oxo-3-(trimethylsilanyl)cyclopent-3-enylidenemethyl]-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (14e):
Data for (E)-N-[2-(tert-Butyldimethylsilanyl)oxymethyl-4-oxo-3-(trimethylsilanyl)cyclopent-2-enylidenemethyl]-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (14a), (Z)-N-[3-(tert-Butyldimethylsilan
Data for 21a:
1 H NMR (300 MHz, CDCl 3 ): δ = 1.05 (t, J = 7.7 Hz, 3 H), 1.12 (t, J = 7.7 Hz, 3 H), 2.34 (q, J = 7.7 Hz, 2 H), 2.48 (q, J = 7.7 Hz, 2 H), 3.39 (d, J = 1.6 Hz, 2 H), 6.45 (t, J = 1.6 Hz, 1 H), 7.55-7.69 (m, 3 H), 7.93-7.96 (m, 2 H) ppm. 13 
